In this work we have studied the appearance of analogue of the Antarctic ozone hole in the Northern
at the NASA site [1] have provided the basis for thorough research of the AOH and other similar atmospheric phenomena. They were used to develop a physical model of the formation of the AOH in the Southern Hemisphere [2] .
Atmospheric structure similar to AOA, previously has not been observed in the Northern hemisphere. The conditions here are quite different from those in the Southern Hemisphere: the area of land surface is considerably larger, the total ozone concentration is higher, and the zonal velocity of ozone masses is significantly lower. Near the North Pole, as a rule, there is no area with extremely low temperatures, such as at the South Pole; the lowest temperature is observed over the continents (North America, Asia). The North hemisphere and Arctic ozone annual maximum falls in the middle of March.
For the 35 years of satellite monitoring, the only atmospheric phenomenon similar to the circumpolar vortex of the Southern Hemisphere was observed in the Arctic between March 5 and April 6, 2011 (Fig. 1) . The inner part of the vortex ring, with a decreased TO, stretched between Canada and the Taimyr Peninsula. The "dip" in the center of CV in Fig. 1 is not a classical ozone hole, as the TO inside the ring is higher than the conditional threshold of 220 DU [3] .
The phenomenon was discussed by some authors based of atmospheric chemistry approach [4, 5] .
In this study we are focusing on atmospheric physics.
A possible reason for this anomaly might be weak planetary wave driving in February preceded cold conditions in the polar lower stratosphere in March (temperature below 196 K) [4, 6] . A significant solar activity was observed in February and March 2011 [7, 8] . The spatial distribution of the atmosphere -830 -Valentine B. Kashkin and Tatiana V. Rubleva. A Study of Ozone Anomaly of 2011 in the Northern Hemisphere Based… pressure variations associated with solar activity and cosmic rays seems to be determined by their influence on the circulation of the atmosphere [9] . Because of this air flow for some time was curled up in the ring, and there was a dramatic increase of the zonal angular velocity in polar region (60°-85° N) up to 20 m/s. The vortex rotation was unstable, its shape changed during the period. The planetary wave apparently destroyed the Arctic polar vortex in April 6.
The graph of the angular velocities of the zonal ozone mass transfer W in the stratosphere, 60°-65° N, is for the period between March 1 and April 11, 2011 (Fig. 2) . The graph was plotted following the procedure described elsewhere [10] . The procedure based on a comparison of global digital space-born TO maps for consecutive two days. In the period, minimal TO values (below 250 DU) were observed north of Canada for 27 days [3] . For one week at the end of March, TO dropped to 220-230 DU, and the degree of polar ozone loss was unprecedented.
In March 2011, the average zonal angular velocity of ozone mass transfer W in the polar region was 11° per day. That was almost twice higher than W = 5.6° per day, the value characteristic of March during 1997-2004 [10] . Peak velocity was near 20° per day on 10 March.
In spring 2011, a vast anticyclone was formed in the polar and adjacent regions of the Northern Hemisphere; the atmospheric pressure in the atmosphere close to the pole increased considerably. The air currents began to move from the pole to middle latitudes, in all directions. 2 of land surface is considerably larger, the total ozone concentration is higher, and the zonal velocity of ozone masses is significantly lower. Near the North Pole, as a rule, there is no area with extremely low temperatures, such as at the South Pole; the lowest temperature is observed over the continents (North America, Asia). The North hemisphere and Arctic ozone annual maximum falls in the middle of March.
The phenomenon was discussed by some authors based of atmospheric chemistry approach [4, 5] . In this study we are focusing on atmospheric physics.
A possible reason for this anomaly might be weak planetary wave driving in February preceded cold conditions in the polar lower stratosphere in March (temperature below 196 K) [4, 6] .
A significant solar activity was observed in February and March 2011 [7, 8] . The spatial distribution of the atmosphere pressure variations associated with solar activity and cosmic rays seems to be determined by their influence on the circulation of the atmosphere [9] . Because of this air flow for some time was curled up in the ring, and there was a dramatic increase of the zonal angular velocity (Fig. 2) . The graph was plotted following the procedure described elsewhere [10] . The procedure based on a comparison of global digital space-born TO maps for consecutive two days. In the period, minimal TO values (below 250 But the outflow of ozone from the polar latitudes to middle latitudes (black color) dominates in
March.
The deflecting force of the Earth's rotation (Coriolis force) hampers these currents and deflects them to the east; thus, the currents move along a circular path. Under these conditions, the following is valid [2] : 3 e observed north of Canada for 27 days [3] . For one week at the end of March, TO dropped 0 DU, and the degree of polar ozone loss was unprecedented. he deflecting force of the Earth's rotation (Coriolis force) hampers these currents and hem to the east; thus, the currents move along a circular path. Under these conditions, the is valid [2] :
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Taking into account that discriminant p q << , we obtain:
On March 9, W =19° per day, which corresponds to V ≈ 18 m/s. Calculations based on formula (3) show that the highest TO is at latitude φ 0 = 59°. The radius of the ring in Fig. 1, along the midline, is 3280 km. On the other hand, the latitude of the TO maximum can be found from the in the r direction from the pole. The righthand side of (1) contains the Coriolis force; here Ω = 7.2921·10 -5 radians/s -the angular speed of Earth's rotation.
The Coriolis force and centrifugal force depend on latitude φ; at a certain latitude, φ 0 , the Coriolis force has the highest hampering effect. It should be expected that air masses (including ozone) transferred from the polar region would concentrate close to this latitude, and a CV ring would develop.
To find latitude φ 0 , let us calculate a φ derivative from (1) and equate it to zero p q << , we obtain:
March 9, W =19° per day, which corresponds to V ≈ 18 m/s. Calculations based on Expression (2) is transformed into 
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On March 9, W =19° per day, which corresponds to V ≈ 18 m/s. Calculations based on formula (3) show that the highest TO is at latitude φ 0 = 59°. The radius of the ring in Fig. 1, along the midline, is 3280 km. On the other hand, the latitude of the TO maximum can be found from the satellite data, using TO zonal means offered in [1] .
Zonal means are TOC daily values averaged over the longitudes between -179.5° and 179.5°, in the 5-degree latitude range, e.g., between 52.5° and 57.5°. The graphs of zonal means for three days of the spring of 2011 are shown in Fig. 4 . The curve for March 9 demonstrates that the highest TO be at latitude of 60°, which is close to the latitude φ 0 determined above. The part of the -832 -
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Zonal means are TOC daily values averaged over the longitudes between -179.5° and 179.5°, in the 5-degree latitude range, e.g., between 52.5° and 57.5°. The graphs of zonal means for three days of the spring of 2011 are shown in Fig. 4 . The curve for March 9 demonstrates that the highest TO be at latitude of 60°, which is close to the latitude φ 0 determined above. The part of the =19° per day, which corresponds to V ≈ 18 m/s. Calculations based on formula (3) show that the highest TO is at latitude φ 0 = 59°. The radius of the ring in Fig. 1 , along the midline, is 3280 km. On the other hand, the latitude of the TO maximum can be found from the satellite data, using TO zonal means offered in [1] .
Zonal means are TOC daily values averaged over the longitudes between -179.5° and 179.5°, in the 5-degree latitude range, e.g., between 52.5° and 57.5°. The graphs of zonal means for three days of the spring of 2011 are shown in Fig. 4 . The curve for March 9 demonstrates that the highest TO be at latitude of 60°, which is close to the latitude φ 0 determined above. The part of the graph above 300 DU describes the ring profile averaged over longitudes. Analysis of the curve for March 9 suggests the redistribution of ozone between the inner part of the CV and the ring: the decrease in the ozone concentration in the inner part and the increase in the ring -an event similar to that occurring in the Southern Hemisphere in spring [2] .
If subsequent events had developed according to the Southern Hemisphere scenario, the rotational speed of ring V would have decreased gradually, and ozone would have moved from the ring to the polar region. However, in April, the ozone anomaly shifted to Eurasia (Fig. 5) . A possible reason for that could be the warming, which, according to [12] , occurred in late March. Relatively low TO was observed above a vast area, between Arkhangelsk and Yakutsk and between Yekaterinburg and Dixon, the total ozone dropping by 25-30%.
The second warming occurred in early April. As can be seen from Fig. 5 , on April 10, TO was the highest at the pole, while the lowest TO values had shifted southward. By that time, the ozone anomaly had shrunk considerably, covering part of the northern West Siberia and the Krasnoyarsk Territory. In these regions, the lowest TO value reached 220 DU; that was lower than the minimal TO in the Arctic in mid-March, a possible reason being ozone chemical destruction.
V.V. Zuev et al [13] found that destruction of the stratospheric ozone layer in Siberia in April 2011, had been caused by the eruption of Merapi Volcano in Indonesia in November 2010. In the following to that occurring in the Southern Hemisphere in spring [2] .
If subsequent events had developed according to the Southern Hemisphere scenario, the rotational speed of ring V would have decreased gradually, and ozone would have moved from the ring to the polar region. However, in April, the ozone anomaly shifted to Eurasia (Fig. 5) . A possible reason for that could be the warming, which, according to [12] , occurred in late March.
Relatively low TO was observed above a vast area, between Arkhangelsk and Yakutsk and between Yekaterinburg and Dixon, the total ozone dropping by 25-30%. Our study showed that natural physical factors had contributed considerably to the development of the North Hemisphere ozone anomaly 2011. 
